Purpose We used computer assisted sperm selection (MSOME) during cycles of intracytoplasmic sperm injection to test whether this technique improves results over traditional ICSI protocols. We also used the TUNEL assay to test whether MSOME could deselect physiologically abnormal spermatozoa. Methods Individual spermatozoa were examined with MSOME. Normal and abnormal spermatozoa were tested for the level of DNA fragmentation using TUNEL assay. In a prospective, randomized trial, patients were selected for standard ICSI, or IMSI techniques. We tested the two groups for biological and clinical parameters. Results 64.8% of spermatozoa, otherwise selectable for ICSI, were characterized by abnormalities after computer-assisted sperm analysis. These sperm were also characterized by an increase in the level of DNA fragmentation. We noted an increase in embryo quality, pregnancy and implantation rates after computerized sperm selection during ICSI procedures. Conclusions Computerised selection of spermatozoa during ICSI procedures deselects physiological abnormal spermatozoa and improves clinical results.
Introduction
The introduction of intracytoplasmic sperm injection procedures into the techniques of assisted reproduction marked an important milestone in the development of the field [1] . With this procedure, patients whose semen samples were insufficient for intrauterine insemination or in vitro fertilisation techniques could achieve pregnancy through the use of micromanipulation techniques [2] . Although oocyte quality has been suggested to be a strong determinant for success during assisted reproduction [3] [4] [5] , it is generally thought that the quality of ejaculated spermatozoa has little effect on outcome [6] [7] [8] . However, one potential problem with micromanipulation is the fact that the operator selects the spermatozoon for microinjection and therefore the natural selection barrier to fertilisation is bypassed which may contribute to the creation of embryos with low implantation potential. The development of optical techniques such as Hoffman differential interference contrast optics has increased the resolution of the optics employed during micromanipulation. This has enabled the visualisation of morphological features in oocytes and spermatozoa even when these were manipulated in 1 mm thickness plastic ICSI dishes such as the Falcon 1006. However, the 40× Hoffman objective still has a relatively limited optical resolution. Small cells-such as spermatozoahave morphological features not observable with these optics (such as vacuoles, midpiece abnormalities etc). In order to reveal morphological features in cells such as spermatozoa, a greater resolution (such as that provided by a 60× or 100× DIC objective) is more indicated.
The introduction of computer-enhanced digital microscopy has enabled the analysis and quantification of features in small cells such as spermatozoa. This was originally applied to motile sperm cells and the analysis 'Motile Sperm Organelle Morphology Examination' (MSOME) developed to examine sperm cells potentially selectable for ICSI [9] [10] [11] [12] . With MSOME, subtle morphological features such as abnormal proportions of sperm head size, midpiece abnormalities and the presence of vacuoles in the sperm head have been characterised [11, 13] . MSOME is stricter than Tygerberg morphology assessment and deselects spermatozoa that would otherwise have been used for ICSI techniques [14] . MSOME has been applied to the selection of sperm for ICSI [9, 10, 12, 15] . This technique, termed intracytoplasmic morphology selected sperm injection (IMSI, [16, 17] ) has been reported to increase pregnancy rates and reduce spontaneous pregnancy loss in ICSI cycles [10, [17] [18] [19] [20] . In particular, data from IMSI cycles has suggested that the presence of vacuoles in the nuclei of motile spermatozoa negatively affects reproductive outcome [10] , although it has been suggested that these are derived from the acrosome region and are simply indicative of the presence of the acrosome [21] . The fact that the selection of spermatozoa with MSOME improves results in ICSI cycles suggests that the technique deselects a physiological abnormality in spermatozoa. One physiological abnormality shown to have a correlation with pregnancy outcome after ICSI is the level of DNA fragmentation [22] [23] [24] .
In this work, we apply the techniques MSOME and IMSI to a series of patients to test whether digital examination of sperm morphology prior to ICSI can improve clinical outcome. We first examined the morphological features of spermatozoa that would have been selected for ICSI under normal conditions, and confirm previous findings demonstrating that spermatozoa that would have been selected for ICSI under standard laboratory conditions often contain morphological defects. We characterise these defects and determine the proportion of spermatozoa with defects in defined conditions. We further characterise the relationship between morphological defects and physiological defects (in this case DNA fragmentation) in individual spermatozoa.
The data from a clinical trial indicates that MSOME prior to ICSI can improve clinical results in cycles of assisted reproduction.
Materials and methods

Part 1: Correlation between sperm morphology and DNA fragmentation
Preparation and morphological selection of spermatozoa Sperm samples were collected by masturbation and examined after liquefaction. All samples were washed using a silicon-based gradient of 40% overlaid over an 80% silicon solution (COOK Sperm Gradient, Ireland). The sample was centrifuged for 20 min at 1000 G, followed by a wash in Hams F-10. The final precipitate was resuspended to a final concentration of 1 ×10 6 sperm/ml and conserved in an atmosphere of 37°C and 6% CO 2 until required.
Morphological selection of spermatozoa was performed with a Nikon Eclipse Ti-U inverted microscope (Nikon, Florence, Italy) equipped with Narishige micromanipulators (Narishige, London, UK). Sperm samples were placed into a 5 μl drop of equilibrated PVP in a WillCo Glass Bottom dish (WillCo Wells, Amsterdam, Netherlands) and individual spermatozoa captured with ICSI pipettes and positioned in groups of 10 to facilitate analysis. Sperm was analysed under differential interference contrast optics using a 100× oil-immersion objective. Computer-enhanced analysis and measurement of individual spermatozoa was achieved through digital recording of individual cells with a Nikon Digital Sight DS-2MBW camera followed by image analysis and measurement using the Nikon NISElements image enhancement package (Nikon NISElements, Florence, Italy). Spermatozoa were considered morphologically suitable for ICSI procedures where the head of the sperm was a regular oval shape, 4.5-4.9 μm in length and 3.1-3.5 μm in width, and was characterised by a maximum of a single vacuole not more than 4% the total area of the sperm head (8, Fig. 1 ). The midpiece was also required to be a regular, rectangular shape of between 4.0 and 5.0 μm in length (Fig. 1) .
DNA Fragmentation assay
Spermatozoa were captured for analysis as for standard ICSI procedures and placed individually into 1 μl drops of PVP on a WillCo dish for morphological analysis. Spermatozoa considered morphologically normal after MSOME were then passed through drops of Hams F-10 medium to remove the PVP residue and attached on to a slide in which a grid had been incised. The position of the spermatozoa was recorded for retrieval of the individual cell post analysis. DNA fragmentation was measured with the TUNEL assay. For the TUNEL assay, we used the In situ Cell Death Detection Kit according to manufacturer's protocol (Roche Diagnostics, Mannheim, Germany), with slight modifications. Slides were fixed in 4% paraformaldehyde in PBS (pH 7.4) for 1 h at room temperature. Slides were then washed in PBS supplemented with 1% BSA. Slides were rinsed twice in PBS before being permeabilized with 0.1% Triton X100 in 0.1 % sodium citrate for 2 min on ice. Slides were then washed twice with PBS and incubated in a humidified chamber at 37°C for 60 min with terminal deoxyribonucleotidyl transferase-mediated dUTP nick-end labelling in order to allow DNA elongation. Slides were then rinsed twice in PBS and counterstained with 1 mg/ml 4,6 diamidoino-2-phenylindole (DAPI). Negative (omitting TdT from the reaction mixture) and positive (using only DNAse I, 1 mg/ml for 30 min at room temperature) controls were tested for each sample. Individual spermatozoa were traced by the grid marking, and by DAPI staining of the nuclei. The presence of DNA fragmentation was detected if fluorescein fluorescence (green) was present (TUNEL positive).
Part 2: Cycle-matched trial
Patients
Patients were attending the 'Centro Fecondazione Assistita', Naples, Italy for intracytoplasmic sperm injection procedures. Patients were prepared using standard controlled ovarian hyperstimulation protocols including downregulation of the pituitary gland with a GnRH agonist (Decapeptyl, Ipsen, Italy) followed by ovarian stimulation with exogenous FSH (Gonal-F, Serono, Italy). A single member of the medical staff coordinated all stimulation protocols, ensuring standardisation. Oocyte retrieval was performed 36 h after the administration of 10,000 IU hCG when 2-3 follicles of 18-20 mm diameter were observed by ultrasound examination, and blood 17 β-oestradiol levels reached 150-200 pg/ml/follicle over 18 mm. Luteal phase supplementation was achieved with intramuscular injections of prontogest 50 mg/day. All oocytes in the present project were treated with ICSI 3 h after oocyte retrieval (60 min after removal of the cumulus complex). A single team of biologists co-ordinated all biological work, ensuring that both culture protocols and embryo assessment were standardised. Oocytes were processed for ICSI using commercial IVF medium (COOK, Limerick, Ireland), pre-equilibrated to 37°C and 6% CO 2 . In standard ICSI procedures, spermatozoa were placed in a drop of PVP in a Falcon 1006 ICSI dish (Beckton Dickinson, New Jersey, USA), selected with a 40x objective equipped with Nomarski optics and injected into oocytes using Narishige micromanipulators and COOK microtools (ICSI and holding pipette, COOK, Ireland). Zygote quality was scored 16-17 h after ICSI. Embryo quality on day 3 was assessed 64-65 h after insemination. Zygote and embryo evaluation was performed according to previous data [25] . Three embryos were transferred in all cases on the third day after oocyte retrieval. The establishment of a pregnancy was considered as a positive β-hCG test of over 60 IU/l 14 days after embryo transfer. The implantation rate was calculated by the observation of foetal heart beats after ultrasound analysis, 8 weeks after the establishment of pregnancy.
A group of patients not achieving pregnancy in the initial cycle of ICSI were offered, and accepted IMSI for a second cycle. Patients were prepared for the second IVF cycle using identical protocols to the initial cycle. Laboratory techniques were identical to the initial cycle apart from the insertion of the MSOME protocol for the selection of spermatozoa. In this technique, an excess number of spermatozoa were selected and placed into a drop of PVP as for standard ICSI techniques. Spermatozoa were placed in groups of 10 and the pattern drawn in order to assist the retrieval of the single spermatozoa after analysis. Individual spermatozoa were analysed by MSOME, and morphologically normal spermatozoa marked on the pattern for later retrieval. Upon selection of a sufficient number of spermatozoa to complete the technique, selected spermatozoa were replaced into the PVP drop of a standard prepared Falcon 1006 ICSI dish and subsequently injected into oocytes through standard ICSI procedures. Biological procedures were equivalent to the initial cycle and again, three embryos were transferred in all cases.
Part 3: Prospective, randomised trial
Trial design
The study is a prospective, randomised trial to test the effect of morphological selection of spermatozoa prior to ICSI in 232 patients treated in Italy between May 2009 and September 2009. All couples went through a gynecological and andrological work-up. Couples were accepted into the trial after informed consent. Couples with 1-3 years of infertility, female menstrual cycle ranged 24-35 days (intraindividual variability ±3 days), if the karyotype of both subjects of the couple was normal and if biochemical assessments demonstrated the absence of metabolic, autoimmune and infectious disorders. Couples were also included in the trial if semen characteristics were between 1×10 6 /ml and 20×10 6 /ml since above this level, standard IVF was performed. Patients were excluded from the program if the female basal FSH was >10 IU/l, body mass index (BMI=weight (kg)/height (m)
2 )>29, if biochemical and/or USG evidence suggested polycystic ovarian syndrome, if the female partner had stage III-IV endometriosis, if autoimmune, thyroid or chromosomal abnormalities were present, or if only one ovary was present. Couples in which the semen sample was derived from either a cryopreserved sample or surgical retrieval techniques were also excluded to prevent a male-factor bias. The registration number of the patients was inserted into a computer and selected randomly to assign the couple to the control or trial groups. In the 122 patients selected for sperm morphological assessment, all oocytes were injected with morphologically analysed spermatozoa. In the 110 patients where no sperm morphological selection was performed, normal ICSI procedures were performed. Biological procedures were equivalent in all cycles, apart from the insertion of the MSOME protocol into the cycles in which IMSI was performed. A maximum of 4 embryos were transferred in all cases.
Statistics
All data were plotted as mean±standard deviation unless stated. Regression lines were calculated by the method of least squares and the significance of the regression lines was tested with the Pearson product-moment test. The z-test with Yates correction was used to test the significance of proportions where necessary.
Results
To determine the proportion of spermatozoa, otherwise selected for ICSI, which were characterised by morphological abnormalities, we performed a mock ICSI trial in which individual spermatozoa derived from gradient-selected purified sperm samples were captured and then analysed with digital techniques to examine morphology. In our trial, a total of 182 spermatozoa derived from 5 normospermic semen samples were analysed. Interestingly, 118 of these spermatozoa (64.8%) were deselected after digital analysis. Reasons for rejection of spermatozoa included poor morphology (26 spermatozoa, 14.3%, Fig. 2) , presence of multiple vacuoles (22 spermatozoa, 12.1%, Fig. 2 ), presence of vacuoles over 4% of area (38 spermatozoa, 20.8%, Fig. 2 ) and poor morphology of midpiece (5 spermatozoa, 2.7%, Fig. 2 ). Amorphous morphologies were present in 27 spermatozoa (14.8%, Fig. 2 ). These data suggest that computer-enhanced selection of spermatozoa reveals morphological features not visible in normal ICSI procedures and deselects spermatozoa otherwise selected for ICSI procedures in normospermic patients.
We examined whether the morphological analysis of spermatozoa revealed features that correlated with physiological abnormalities by testing individual spermatozoa for DNA fragmentation after MSOME. Individual spermatozoa were selected as for ICSI, examined with MSOME and then fixed and analysed for DNA fragmentation using TUNEL assay. In the same sample, spermatozoa considered suitable for IMSI were separated from those found to be morphologically abnormal, enabling the comparison of gametes from the same ejaculate. A total of 860 spermatozoa derived from 8 separate analyses were analysed with MSOME. Three hundred and thirty-one (37.6±13.0%, n=8) of these spermatozoa were considered morphologically normal after MSOME. Of these, 14 spermatozoa (4.2%, mean 6.1±7.2%, n=8) were characterised with fragmented DNA after TUNEL assay ( Fig. 3 and Table 1 ). Vacuoles in spermatozoa could indicate the initial stages of apoptosis, although they have also been suggested to indicate nonacrosome reacted spermatozoa [21] . Seventy-six of the 529 sperm characterised by vacuoles after MSOME (14.4%, mean 14.7%±7.2%, n=8) were found to contain fragmented DNA ( Fig. 3 and Table 1 ), a significantly higher proportion of spermatozoa than MSOME-normal spermatozoa (p= 0.031, Students t-test). The data therefore suggests a link between abnormal morphology after MSOME and the presence of fragmented DNA.
In the present data, a total of 8 patients had a cycle of IMSI after a previous cycle of ICSI. Therefore, a cycle to cycle comparison of embryo quality after computerised selection of spermatozoa was possible. Ovarian stimulation protocols and clinical characteristics were not significantly different between the two cycles. Moreover, fertilisation rates did not differ between cycles (Table 2 ). However, we noted a significant increase in embryo quality between the two groups (Fig. 4) . In group A (ICSI cycle), a total of 58 oocytes fertilised and produced embryos. Of these, 35 (60.3%) were regarded grade A on the day of transfer (Table 2) . In group B, 55 oocytes fertilised. Forty-six of these formed grade I embryos on the day of transfer (83.6%, Table 2 ). During IMSI cycles, we were always able to select grade I embryos with no fragmentation for transfer. Three pregnancies were obtained after IMSI in this patient group.
We extended these results into a prospective, randomised trial to test whether IMSI improved results over standard ICSI procedures. A group of 250 patients were randomised after informed consent into two groups; group A performed standard ICSI whereas group B had IMSI. All patients had ovarian hyperstimulation cycles initiated with the same protocol. After cancellations for severe hyperstimulation or poor response, 110 patients were treated by standard ICSI techniques (Group A, Table 3 ) and 122 patients with IMSI (Group B, Table 6 ). Table 3 shows the characteristics of these patients.
During computer-enhanced morphological selection of spermatozoa for ICSI, sperm were initially captured for morphological assessment using standard ICSI methodology. Enhanced morphological assessment of these spermatozoa led to the further rejection of 73% of these spermatozoa, Fig. 2 otherwise considered suitable for ICSI procedures. In total, 1384/5126 of spermatozoa that were selected by standard ICSI procedures were considered suitable for microinjection after computerised assessment (Table 3) .
In the 122 group B patients selected for IMSI, a total of 1384 metaphase II oocytes were injected with spermatozoa selected after computer-enhanced analysis (Table 3) . Nine hundred and forty-one oocytes (68.0%) were observed to be fertilised 16-17 h after injection. A total of 798/1211 mature oocytes were fertilised (65.9%) in the 110 control patients (Group A, Table 3 ). The rate of fertilisation was not significantly different between normal ICSI procedures and after computer-enhanced sperm analysis (Table 3) . Neither did the percentage of embryo development differ between Fig. 3 TUNEL assay on MSOME-analysed spermatozoa. a Normal morphology spermatozoa. Images i. and ii. are spermatozoa with normal morphology after MSOME. iii. The image represents TUNEL assay on spermatozoa considered normal after MSOME. Blue images are DAPI-stained TUNEL negative sperm heads (i.e. not containing fragmented DNA). Green-stained sperm heads are TUNEL-positive (i.e. containing fragmented DNA). b Abnormal morphology spermatozoa after MSOME. Images i. and ii. are representative examples of spermatozoa with abnormal morphology after MSOME iii. The image represents TUNEL assay on spermatozoa considered abnormal after MSOME. Blue images are DAPI-stained TUNEL negative sperm heads (i.e. not containing fragmented DNA). Green-stained sperm heads are TUNEL-positive (i.e. containing fragmented DNA) Spermatozoa from 8 diverse semen samples were analysed and separated as MSOME normal and abnormal. TUNEL assay was performed on these same spermatozoa. The number of TUNEL assay positive (i.e. with fragmented DNA) spermatozoa is shown in each sample. Proportions are shown in parentheses. The two-tailed z-test was used to calculate the significance, p<0.05 is considered significant normal ICSI procedures and after computer-enhanced sperm selection techniques. Interestingly however, the number of morphologically grade I embryos was increased after computer-enhanced sperm selection. Here, a total of 350 grade I embryos were obtained (98.6% of transferred embryos), in contrast to the 66.0% of grade I embryos obtained after normal ICSI procedures in the trial. All patients undergoing computer-enhanced sperm selection were characterised by the transfer of 100% grade I embryos, in contrast to controls. Moreover, an increased number of grade I embryos were available for cryopreservation after IMSI procedures than the classical ICSI technique. The pregnancy rate of patients undergoing IMSI was also significantly increased with respect to the ICSI controls. Of the 122 patients in which IMSI was performed, 80 achieved pregnancy (65.6%). Forty-four of the 110 patients in which normal ICSI was performed achieved pregnancy (40.0%). The implantation rate of embryos created with IMSI procedures was also greater than that of standard ICSI techniques. Of the 355 embryos replaced after IMSI, 86 embryos implanted (24.2%). However, once pregnancy was established, we noted no difference in the proportion of pregnancies arriving to term (Table 3) .
We compared the initial morphology of semen samples with pregnancy rates in the group of patients in which normal ICSI was performed and the group of patients selected for IMSI. Semen morphology in patients selected for ICSI followed a normal distribution with sperm morphology of 14.3±5.6%. In these patients, a correlation of r=0.85 existed between pregnancy rate and sperm morphology (Fig. 5) . IMSI patients were characterised by a completely different correlation between semen morphology and pregnancy rates. Here, no correlation was observed. The semen of patients selected for IMSI was characterised by a normal distribution with morphology of 15.1±6.2%, not significantly different to Fig. 4 Improvement in embryo quality after IMSI. a Embryos selected for transfer from a patient in a standard ICSI cycle. The patient did not achieve pregnancy. b Embryos selected for transfer in the same patient after an IMSI cycle. Here, embryo quality is clearly improved and the patient achieved a singleton pregnancy Fig. 5 ). However, the correlation between sperm morphology and pregnancy rate was r= −0.015 (Fig. 5 ).
Discussion
The development of intracytoplasmic sperm injection marked an important advance in the field of assisted reproduction. One major criticism of the ICSI technique has however been that operator-assisted fertilisation of oocytes with semen samples otherwise considered infertile could produce an increase in birth defects and cause dramatic consequences as babies produced with this technique become adults, although this is yet to be proven [26] [27] [28] . In fact, a slight increase in birth defects is noted after ICSI, and the rate of spontaneous pregnancy loss remains higher than that of traditional IVF [26] [27] [28] . Although it is not certain that these differences are due to the technique per se, one criticism of ICSI is that the optics used for visualisation of gametes do not provide a high enough resolution to permit the visualisation of small defects and morphological abnormalities in the human spermatozoa. Oocytes and preimplantation embryos are large cells whose morphological features are distinguishable using optics usually applied in the laboratory of assisted reproduction, and in fact the selection of this material based on morphological assessment has been widely studied [22, [27] [28] [29] . The morphology of human spermatozoa has also been widely studied [29] , but until recently it has been difficult to correlate morphological features of individual spermatozoa with outcome. In fact, apart from a small amount of works [8, 30, 31] , it is generally assumed that the quality of spermatozoa has little correlation on the outcome after assisted reproduction and that the selection of spermatozoa for assisted reproduction can be achieved by general techniques such as swim-up or gradients.
The technique of MSOME has revealed small morphological abnormalities and other defects in human spermatozoa otherwise selected for ICSI. These defects have not been previously observed, and in fact MSOME has been suggested to provide sperm selection criteria stricter than standard Tygerberg assessment [14] . In this work, we prepare spermatozoa for assisted reproduction and examine the morphology of spermatozoa otherwise selected for standard ICSI procedures using computerenhanced imaging techniques. Our data indicates that 64.8% of these spermatozoa would not have been suitable for ICSI procedures. We analyse whether there is a correlation between morphological features revealed by MSOME and the presence of fragmented DNA by TUNEL assay. We suggest that a correlation exists between the presence of large vacuoles in spermatozoa and DNA fragmentation. In a preliminary study, we compare cycles of ICSI with and without MSOME in a small series of patients. Although percentages of fertilisation and embryo development are equivalent, embryos created after MSOME appear to be of higher quality, and more pregnancies are achieved. We confirm these findings in a prospective, randomised trial. Our data further demonstrates that the correlation between the initial semen morphology and outcome after ICSI is eliminated with MSOME. These data suggest that, during the standard ICSI procedure, high quality spermatozoa are not preferentially selected as previously thought, and therefore the probability of achieving pregnancy is correlated with semen morphology. After IMSI, the highest quality spermatozoa are always selected and therefore the correlation disappears. The analysis and selection of spermatozoa for ICSI using MSOME can improve results in ART cycles through an increase in the number of grade A embryos formed and a decrease in the level of fragmentation in these embryos. Physiologically, this may occur through a reduction in the percentage of abnormal sperm with fragmented DNA injected into oocytes. Although little published data shows a correlation between morphological defects and physiological abnormalities, our direct comparisons of sperm morphology and DNA fragmentation suggest that these morphological abnormalities indicate poor sperm physiology. It is not known whether natural insemination or traditional IVF techniques prevent the fertilisation of oocytes with such morphologically abnormal sperm, although it is assumed that the zona pellucida provides a natural barrier to contact between abnormal spermatozoa and the oocyte [32] . However, we also suggest that the quality of embryos produced after IMSI is improved over ICSI. Interestingly, an increase in embryo fragmentation has been observed in ICSI cycles as compared to IVF, although no effect on reproductive outcome was noted [33] . 
